Heavy quark production in γγ collisions is analyzed within the approach to hard collisions of photons recently proposed by the author. In this approach evaluating the cross section σ(γγ → QQ) in the "next-to-leading order of QCD" requires the inclusion of direct photon contributions up to the order α 2 α 2 s , whereas in the standard approach direct photon terms only up to the order α 2 α s are taken into account. Phenomenological consequences of this difference are discussed.
Introduction
Heavy quark production in γγ collisions has recently received increased theoretical attention [1] [2] [3] motivated in part by new experimental data on cc and bb production coming from LEP2 [4] that provide particularly suitable framework for the confrontation of perturbative QCD with data. The results obtained so far are mixed: whereas there is reasonable agreement between data on cc production, data on bb production are substantially above theoretical predictions. This is hard to accommodate theoretically as we expect finite order perturbative QCD to be better applicable to bb production than to the cc one. In such situation it is useful to reanalyze the theoretical framework currently used for calculations of heavy quark production in γγ collisions.
Before presenting my point of view let me briefly recollect basic facts and formulae relevant for the following discussion. The factorization scale dependence of PDF of the photon is determined by the system of coupled inhomogeneous evolution equations dΣ(x, M) d ln M 2 = δ Σ k q + P⊗ Σ + P qG ⊗ G,
for the quark singlet and nonsinglet and gluon distribution functions Σ(x, M), q NS (x, M) and G(x, M). To order α the splitting functions P ij and k i admit expansions in α s
where the leading order splitting functions k
ij (x) are unique, while all higher order ones k
kl , j ≥ 1 depend on the choice of the factorization scheme. The equations (1-3) can be recast into evolution equations for q i (x, M), q i (x, M) and G(x, M) with inhomegenous splitting functions k
q . In the conventional approach to heavy quark production in γγ collisions [1] [2] [3] the notion "next-to-leading order" (NLO) is defined by taking the first two terms in expansions of direct (dir), as well as single resolved (sr) and double resolved (dr) contributions
where the coefficients σ
sr and σ (j) dr depend for j ≥ 2 on the factorization scale M as well as on the renormalization scale µ, the latter appearing in (7-9) also as argument of the expansion parameter α s (µ). As these two scales result from redefinition procedures concerning different aspect of the theory, they are entirely independent, although it is a common practice to set M = µ.
Why semantics matters: defining LO and NLO for σ(γγ → QQ)
Defined in this way, the direct, single resolved and double resolved contributions to the NLO approximation start (and end) at different powers of α s . In the conventional approach this is justified by the claim that parton distribution functions (PDF) of the photon behave as α/α s , and, consequently, all three expansions (7-9) start at (α s ) 0 and end at α 2 s . However, a closer look at the consequences of such a claim in the case QCD is switched off makes clear its internal inconsistency: both the single and double resolved contributions certainly vanish in this limit, whereas accepting the above argument leads us to expect finite contributions in the limit α s → 0 also from them! The resolution of this apparent contradiction is simple [5] : ln M 2 that appears in resolved photon contributions has nothing to do with 1/α s (M), but comes from integration (with the lower limit given by M 0 ) over the transverse degree of freedom of the purely QED vertex γ → qq. What appears in resolved photon contributions is actually the product
2 ) which, indeed, vanishes for Λ → 0 and fixed M 0 . Although the definition of the concepts "LO" and "NLO" is primarily a matter of semantics, it is certainly preferable to use terminology that follows as closely as possible the way these concepts are defined for heavy quark production in hadronic collisions. At this place it might be useful to recall the meaning of theses terms for the familiar ratio
The prefactor R QED ≡ 3
i multiplied by unity in the brackets of (10) comes, similarly as σ (0) dir in (7), purely from QED, whereas genuine QCD effects start with r(Q) given as expansion in α s
For the quantity (10) nobody suggests calling the term (α s /2π)R QED the "next-to-leading order" although it gives the second term in expansion of R e + e − (Q) in powers of α s but the terms LO and NLO are applied to genuine QCD effects described by r(Q). I think it is preferable to use notation and terminology that avoids potential confusion which might arise from mixing orders of α s and α and reserves the term "NLO" for expansions that keep first two subsequent powers of α s , starting at α k s with k ≥ 1. Note that for both R e + e − and σ(γγ → QQ) the QED contributions R QED and σ (0) dir are finite and unique and there is no reason why they should be treated differently in (10) and (7).
Unfortunately, the way direct photon contribution σ dir is treated in [1] [2] [3] involves the above mentioned mixing of QED and QCD effects by counting in the definition of the "LO" and "NLO" powers of both α and α s . The authors of these papers are right that to the order considered σ dir does not mix with the single and double resolved photon parts, but fail to address the fact that their "NLO" approximation of σ dir is a linear function of α s with unique coefficients σ (0) dir and σ (1) dir , i.e. exactly of the same form as R QED (1 + α s /2π) in (10), which, however, is normally, and correctly, called "LO". The absence of genuine NLO QCD efects in the first two terms of the expansion (7) means that there is no mechanism for cancellation of the µ-dependence of α s (µ) by the µ-dependence of higher order coefficients σ (k) dir , which appears first at k = 2. The absence of these term in the conventional definition of the "NLO" also implies that σ dir as defined in [1] [2] [3] does not correspond to a well-defined renormalization scheme and so, consequently, does not α s in (7). For any truly NLO QCD analysis of σ dir the inclusion of terms of the order α 2 α 2 s is therefore indispensable. In the next Section
The approach to hard collisions of photons proposed in [5] is based on
• clear separation of QCD effects from those of pure QED origin, and
• acknowledgement of the fact that PDF of the photon are proportional to α and leads to the conclusion that a simultaneous treatment of direct and resolved photon contributions requires retaining in all three expansions (7-9) terms up to the same order in α s . This implies the following grouping of individual terms in (7-9) into approximations that will be called "LO" and "NLO":
Pure QED: Given by the diagram in Fig. 1a .
LO QCD: QED plus the sum of direct photon contributions of the order α 2 α s (Fig.  1b,c) and single resolved photon contribution from diagram in Fig. 1d 1 .
NLO QCD: LO QCD plus direct photon contributions of the order α 2 α 2 s (exemplified by the diagrams in Fig. 1e,g ), single resolved photon contributions with partonic cross sections of the order αα 2 s (examples in Fig. 1h,j) and double resolved photon terms with partonic cross sections of the order α 2 s (like in Fig. 1i ). Note that as PDF of the photon are proportional to α, all three types of contributions are actually of the same order α 2 α 2 s .
The above definition of the "NLO" differs from the conventional one in two points:
• Direct photon terms are included up to the order α 2 α 2 s . As argued above, these terms are vital for renormalization scale invariance of the NLO approximation and association of the NLO calculations with a well-defined renormalization scheme. In the next Section these I will show that these terms are also needed to guarantee factorization scale invariance of the NLO approximation defined above.
• In double resolved photon contribution PDF are convoluted with partonic cross sections taken up to order α 2 s only.
In the next Section I will elaborate on both these differences using factorization scale invariance as guiding criterion for completeness and internal consistency of the NLO approximation.
Factorization mechanism for σ(γγ → QQ)
Before turning to heavy quark production in γγ collisions let me briefly recall the way factorization mechanism operates for heavy quark production in pp collisions. There the NLO approximation for σ(pp → QQ) involves convolutions of PDF of the proton with partonic cross section taken up to the order α 3 s . Schematically
where D 1 (M) and D 2 (M) stand for PDF of the incoming protons, evaluated at the factorization scale M, which is in general different from the renormalization scale µ, entering as argument of α s in perturbation expansions of partonic cross sections. Factorization scale invariance of (12) is guaranteed by the fact that the dependence of D 1 (M) and D 2 (M) on M is cancelled by M-dependence of higher order partonic cross sections σ (j) (M), j ≥ 2. Graphically, this cancellation mechanism relates a given diagram at order α k s with two diagrams (with incoming quark and gluon respectively) at order α k+1 s (and higher). This cancellation is exact provided all orders of perturbation theory in expansions of partonic cross sections and splitting functions are taken into account, but only order by order (and thus numerically partial) in finite order approximations. For the approximation to (12) based on the first two terms in expansion of partonic cross sections (and splitting functions), factorization scale invariance implies that its derivatives with respect to both µ and M behave as α The initial state singularities of direct and single resolved photon contributions coming from the vertex γ →are understood to be subtracted and put into PDF of the photon, described by solid blobs. As a results, the (subtracted) direct and single resolved photon diagrams, as well as the associated PDF acquire dependence on the factorization scale M.
will call inhomogeneous factorization to distinguish it from the homogeneous one, which corresponds to the splitting function P (k) ij and is the same as for hadrons. This novel relation connects direct and resolved photon diagrams at the same order of α s . For instance, the LO single resolved photon diagram of Fig. 1d is related by homogeneous factorization to resolved photon diagrams in Figs. 1f and 1j , which are of the order αα G . Factorization scale invariance thus requires that the first two terms in expansion of single resolved photon contribution (8) of σ sr must be considered together with the direct photon contributions of the order α 2 α 2 s . Similarly, the leading term of the double resolved part receives a contribution from the diagram in Fig. 1i , which is related by inhomogeneous factorization with single resolved
Phenomenological implications
The fact that the conventional NLO analyses of heavy quark production in γγ collisions [1] [2] [3] do not include direct photon contributions of the order α 2 α 2 s represents a serious shortcoming preventing us from drawing definite conclusion from results of existing QCD analyses of experimental data on σ(γγ → QQ). A partial remedy of this problem would be to calculate at least the contributions of diagrams in Fig. 1e,g .
In this context it is interesting to look at heavy quark production in γp collisions. The relevant Feynman diagrams can be obtained from those in Fig. 1 simply by discarding those without any blob and reserving the lower blob for the incoming proton. Note that as all diagrams left after this operation are included in the conventional (as well as my) definition of the NLO approximation, the theoretical description of heavy quark production is much better shape in γp collisions than in γγ ones.
Conclusions
I have argued that a complete and genuine NLO QCD approximation for the cross section of heavy quark production in γγ collisions requires the inclusion of direct photon contributions up to the order α 2 α 2 s . These terms are vital for renormalization and factorization scale invariance of this approximation. As these terms have not yet been calculated, one should be careful in drawing definite conclusions from the comparison of current incomplete calculations with data.
